This paper presents an optimal design process for the steering system of a forklift vehicle. An efficient procedure for minimizing the engine-induced idle vibration is developed in this study. Reciprocating unbalance and gas pressure torque as two major sources of engine excitation are studied. Using the field vibration tests and FEM analysis, the cause and characteristics of steering system's idle vibration are recognized. So as to distribute the characteristic modes based on the optimization strategy, global sensitivity analysis of the main parameters is also carried out to achieve the optimal combination of the optimization factors. Based on all analysis above, some structure modifications for optimization are presented to control the idle vibration. The effectiveness and rationality of the improvements are also verified through experimental prototyping testing. This study also makes it possible to provide a design guideline using CAE (computer aided engineering) analysis for some other objects.
Introduction
As multifunctional and versatile material transportation and handling equipment, forklifts are becoming widely used all around the world with the rapid development of logistics industry. Forklift industry has entered a period of rapid development, of which research and design levels are also increasing, while the vibration problem becomes a general item to measure the equipment quality. When operating the forklift, drivers perceive vibrations through the floor panel, the pedals, the gearshift lever, the seat, and the steering wheel. As a major occupational vibration exposure, more attention should be paid to Hand-Arm Vibration (HAV) where the energy enters the body through the hands of the operator [1, 2] , especially for steering vibration, when the vibration is sensed by the driver through steering wheel, which directly influences drivers' operation. Severe vibration greatly reduces the worker's comfort, leading to a series of problems. The effects can include muscular fatigue, hands numbness, degraded circulatory functioning, and headaches [3] .
Vibration problem can be improved from the following three aspects: suppression of the vibration excitation, improvement of the vibration transmission path, and optimization of the mechanical parameters. Kim et al. [2] described an analysis methodology of an optimal design process for a steering column system and supporting system while reducing the idle vibration sensitivity, which was expected to reduce the overall development period and number of proto tests. Shi et al. [4] used vibration tests and modal analysis method to recognize the cause of steering wheel's idle shaking, structural optimization, and lightweight design that were taken to solve the problem. Shariyat and Djamshidi [5] adopted DOE-based response surface methodology and sensitivity NVH analysis results of a full vehicle model in order to minimize the engine-induced harshness. M. L. Xu and G. N. Xu [6] improved the forklift vehicle system structure based on the multi-rigid-body dynamic method and efficiently decrease vibration energy and the fundamental frequency of primary structure is lower. Parker et al. [7] insisted vibration character of the steering system can be divided into two parts: the steering column system and the supporting structure; the optimal design of each part can be separately managed based on research of the main structural parameters. Kim et al. [8] Figure 1 : Technological process of the study.
of a high stiffness and lightweight vehicle for vibration performance; through the data level of body stiffness, the research efficiently shortened the development period by the stiffness analysis process. Also, some works that focus on the engine-mounting system optimization were developed by Royston and Singh [9, 10] ; the dynamic characteristics of the mounting system were changed so as to enhance the vibration isolation performance. Jia et al. [11] analyzed the vibration transmission path based on the vibration measurement technology; through the optimization of the mounting system, comfort of the vehicle is improved. The objective of this paper is to suppress the vibration of forklift vehicles, by finding the vibration principle, providing advanced design and optimization direction. Among all studies mentioned before, most focus on the passenger cars, ignoring the dynamics performance of engineering machinery. In this study, optimization of the steering system of a forklift vehicle (to minimize the transmitted engine-induced vibration under idle condition) is introduced. The idle vibration analysis relies on the FEM analysis of the steering system, combined with feature extraction of vibration signals through field tests. The optimal combination of structural parameters of the steering system is rationally found so that the natural frequency distribution is optimal and the optimal vibration characteristic is obtained.
Analysis of Engine Idle Loads
While the forklift vehicle is working under idle operation, the only vibrational excitation is internal combustion inline engine as shown in Figure 1 , and the major sources for idle shake are reciprocating unbalance inertia forces and gas pressure torque oscillations due to firing pulses and inertia of the rotating and reciprocating parts (piston, connecting rod, and crankshaft). The dynamic unbalance law of the cylinder piston crank mechanism is playing an important role in the design and improvement of the forklift vehicle.
Mass Unbalance Forces.
The single cylinder piston crank mechanism is shown in Figure 2 . It consists of three parts: a crank, a connecting rod, and a piston. Assume that the crank rotates with a constant angular velocity and the piston displacement can be expressed as
According to the geometrical relationship
So can be exactly described in terms of crank angle ,
where / is typically between 1/5 and 1/3. For a mathematical expression like √ 1 − while ≪ 1, the expression can be simplified as 1 − /2 through Taylor series expansion, and the equivalent expression for turns out to be
The approximate piston displacement is as follows:
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Then velocity and acceleration of the piston can be calculated by differentiation of the displacement of the piston with respect to time,
Unbalance mass of the cylinder piston crank mechanism consists of three parts: mass of the rotational crank, the connecting rod, and the reciprocating piston. Considering mass of crank as while the assembly of connecting rod and piston is , the unbalance forces can be divided into two parts: rotational unbalance force caused by the crank and reciprocating unbalance force caused by the assembly
The negative sign indicates the force is in the opposite direction with the acceleration. According to the working principle of the engine, the vibration output of the engine mainly depends on the reciprocating force of the assembly [12] .
Inertia Torque.
According to mechanics principle, the inertia torque on the crank from a single piston is
where refers to moment arm from crank center and
That is,
Also, using trigonometric transformation and disregarding all terms proportional to the second or higher powers of / , the final expression of the inertia torque can be presented as
As can be seen from the expression, the inertia torque acts in the rotational direction. The individual terms of the equation present the first-order, second-order, third-order, and some higher order harmonic components for the engine vibration.
Idle vibration of a forklift vehicle involving a four-cylinder, 4-stroke engine always happens at low engine speed from 720 to 840 rpm. Since the piston pairs are working along opposite directions, the first-order inertial forces can be well balanced. Meanwhile, the two descending pistons travel further than the ascending pairs since the movement of the connecting rod accelerates the descending pistons while delaying the ascending ones, producing a resultant force that varies periodically twice per crankshaft revolution. Also, the second-order forces and their multiples occur due to the cyclic change of the crank angle. That is, the frequency of unbalance disturbances is correlated with the number of cylinders and stokes. In this study, the idle vibration analysis is usually conducted in the 24 Hz to 28 Hz frequency range, equating to the engine speed for second-order firing.
Field Test of the Idle Vibration of the Steering System
In order to fully extract the idle vibration character information of the steering system, field tests were carried out. The acceleration transducers were reasonably distributed through vibration transmission path, which is shown in Figure 3 . The directions of the measurement at the steering system are taken along three principal axes of the vehicle. and define the plane of the steering wheel, where axis is directed towards the left of the vehicle and axis is the tangent of the steering wheel directed towards the front of the vehicle. Meanwhile, axis is perpendicular to the -plane. Figure 4 shows the RMS value of vibration acceleration of the wheel steering in each direction changing with the engine speed. As is shown in the figure, vibration amplitudes of the and directions are much larger at speed of about 770 rpm than other conditions. Figure 5 represents the waterfall curve of the vibration amplitude in direction applying the Fourier algorithm to equal-interval sampling vibration data. The order tracking analysis reveals that the second-order firing frequency (25.7 Hz, equating to the engine speed of 780 rpm) has great contribution to the idle vibration of the wheel system.
Working under idle condition (engine speed of 750 rpm), the second-order firing frequency of the engine turns out to be 25 Hz. When the steering system's operating modal frequency is close to the excitation frequency, resonance of the steering system happens. The first-and second-order modes have great contribution to the idle vibration of the forklift vehicle.
Finite Element Analysis of the Steering System
With the development of computer technology, computer aided engineering has already become important ways of modern mechanism research and plays important roles in feasibility verification, engineering design, and preferred plan selection. In the field of mechanism characteristic analysis especially, to explore the robustness and performance of mechanical components and assemblies, computer simulation with the utilization of CAE software has been extensively developed.
In order to assess the dynamic characteristics of the structure, finite element modal analysis was performed to determine the natural frequencies, mode shapes, and frequency constraints of the structure. Through modal analysis method, we can find the major modal characteristics of the steering system in a particular frequency range, thereby understanding the actual vibration response under the engine excitation.
Pro/ENGINEER is the industry's first successful rulebased parametric 3D CAD modeling system. The parametric modeling approach uses parameters, dimensions, features, and relationships to capture intended product behavior and create a recipe which enables design automation and the optimization of design and product development processes. With the help of "mechanism," which is a modular of Pro/ ENGINEER, kinematic and dynamic analysis and simulations can be carried out in order to look into the virtual movement of the mechanism, thus getting the kinematics parameters of the object throughout the process.
The steering system consists of fore plate, mounting plate, support plate, steering column, and steering wheel. The virtual prototype of the system is shown in Figure 6 (a). Then, cleaning up the geometry, defining the material, setting the boundary constraints and meshing the model. Meshing has a very important role in modeling which will directly affect the accuracy of the computational efficiency; unreasonable meshing would affect the constringency effect of the solution. Automatic mesh of ProE using H-adaptive method is subdivision mesh again in the high stress gradient position based on the convergence criteria stipulated beforehand to solve the computation convergence problem. According to the structural characteristics and load, solid 187 is selected as element type; the finite element model after automatic mesh division has been established shown in Figure 6 (b), including 2711 nodes, 12842 edges, 17638 faces, and 7529 solid elements.
Because we just care about the idle frequency (24∼28 Hz), only the former three-order modes are shown in Figure 7 ; the frequencies are shown in Table 1 . The first-order modal frequency is close to the idle frequency, so is the second one.
During the process of modeling the FEM model, some mechanical features have been reasonably predigested. Using the hammering method, we can also get the modal parameter by field tests in order to verify the FEM analysis. As shown in Figure 8 , acceleration sensors were arranged to collect vibration acceleration signals of steering system; the mode parameters extracted are shown in Table 1 . 
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Improvements of Steering System's Idle Vibration
In order to relieve vibration, most effective resolutions are vibration isolation, vibration attenuation, and resonance avoiding. Based on the FEM analysis and the field tests, it is found that the main reason for the steering system's idle vibration of the forklift vehicle is the resonance excited by the engine. Since the modal frequency of the steering system is mainly decided by the mass and stiffness, the optimization of the structure can be acquired by reasonably distributing the mass and stiffness of the steering system, so as to set the modal frequencies out of the resonance frequency range, suppressing the idle vibration. As is mentioned above, the modals of the steering system in the vicinity of the resonance frequency were very close to one another; successive resonance will also occur in low engine speed, which was violence against the stable mechanical structure. From the engineering point of view, the interval between the two modals should sufficiently avoid the resonance range from the engine idle frequency. Considering the original system structure, some measures were carried out to reduce the first modal frequency while increasing the second modal frequency. During the optimization process, some algorithms were adopted, especially Sequence Quadratic Program (SQP) algorithm. 
Sequence Quadratic Program
where , are index set with equality and inequality constraints, , equal to the number of constraints. Assume that , ℎ, and are defined on all of R and two times continuously differentiable functions. The SQP method computes a correction for a given approximation of a solution of NLP by solving a QP problem; thus inconsistent QP problems are solved in the SQP method
Here is chosen symmetric positive semidefinite matrix; given as a guess for (local) solutions * and , the correction is computed as the solution of the equality constrained subproblem. Then one lets +1 = + for suitably chosen stepsize > 0. is computed by a descent test for so-called merit function.
The solving steps of SQP areas follow.
(1) Setting the initial points 0 , , and .
(2) Solving the QP problem, determining the value of and .
(3) Determining the value of .
(4) Checking the convergence of the solution.
Redudeterminection of the First Modal Frequency.
Compared with the modal analysis, the lateral stiffness of the steering system was important to the first modal frequency.
As is shown in Figure 9 , the origin design of the support plate and pedal bracket was solder connection. Although this connection ensured enough stiffness to perform less vibration amplitude under the same stress, the design increased the frequency of the system. As a result, the first modal frequency entered the resonance frequency range, intensifying vibration. To avoid the happening of sympathetic vibration, one idea is decreasing the frequency. Based on the mechanical system design, the solder parts of the support plate and pedal bracket were cut to be separated. This measure was equivalent to wiping out the lateral stiffener while the thickness of the support plate ensured enough lateral stiffness to load relative stress. FEM analysis showed that, through this separation, the first modal frequency of steering system has changed to be 19.73 Hz, which verified the rationality of this improvement.
Increase of the Second Modal Frequency.
The second modal frequency of steering system was dependent on the longitudinal stiffness and finite element analysis was aimed at structure optimization, redistribution of the mass, and stiffness. Before optimization, global sensitivity analysis should be carried out first in order to confirm high sensitivity parameters and their variables value sector. As is shown in Figure 10 , the second modal frequency was sensitive to thickness of fore plate ( 1 ) and mounting plate ( 2 ), followed by height of mounting plate ( 3 ) and length of mounting plate ( 4 ), which were set to be optimization parameters. The modal frequencies were desired to be out of the resonance range, so the second modal frequency must be more than 30, as the objective function min ( ). Based on Pro/mechanic module, SQP algorithm mentioned above was used. Actually, only these parameters above can be optimized according to the mechanical model, and these parameters can be only changed in the optimal range shown in Table 2 . Otherwise, it will affect the installation and cooperation of this structure. So the actual sizes of the forklift steering wheel assembly are selected as the initial value and then the parameters are optimized in the optimal ranges. After iterative computation 9 times, optimized scheme was calculated. Defining the convergence as 1%, initial values and optimal values of the parameters are listed in Table 2 . Considering the components processing technology and the machining cost, the optimal parameters are appropriately adjusted.
As is mentioned above, to relieve steering system's vibration, two measures were presented. Through the improvements, the first modal frequency of the system should be decreased while the second one went to the opposite. Based on the modified structure, finite element analysis was carried out. Results showed that the first modal frequency has changed to 19.73 Hz, which was 17.82% less than the former one. The second modal frequency has changed to 30.13 Hz, which was 9.05% higher than the former one. The optimized frequencies were far enough from the engine idle frequency for the second-order firing of the internal combustion engine.
Idle experiments were also carried out to verify the improving effect of the structural optimization. According to ⟨⟨GB/T 14790.1-2009 Mechanical vibration: Measurement and evaluation of human exposure to hand-transmitted vibration⟩⟩. As is shown in Figure 11 , acceleration sensors were arranged on the steering wheel and idle vibration acceleration amplitudes of the steering system were collected. Compared with the original structure, vibration amplitude of steering system with improvements had substantially declined from 3.36 g to 0.98 g, and steering system's idle vibration was effectively suppressed.
Conclusion
In this paper, we present a research on the performance deficiencies about vibrations of steering system while the forklift vehicle is working under idle condition. Acceleration transmitted to the driver's steering wheel was chosen to be the representation of the transmitted vibration. The idle vibration signals were collected to extract characteristics. Then, the FEM analysis of the steering system was conducted, compared with the vibration signals. So as to get the contribution of each design parameter, sensitivity analysis was also implemented to achieve steering system design optimization for idle vibration reduction. Experiments were carried out to verify the effectiveness of the reconfiguration of the characteristic modes. This optimal design is not a case study; it can be also applied to other objects that experience vibration restrictions, which has a bright future in our engineering implementation.
